We review the high energy resolution off-resonant spectroscopy (HEROS) technique. HEROS probes the unoccupied electronic states of matter in a single-shot manner thanks to the combination of off-resonant excitation around atomic core states using wavelength dispersive X-ray detection setups. In this review we provide a general introduction to the field of X-ray spectroscopy together with the specification of the available X-ray techniques and X-ray methodologies. Next, the theoretical description of the HEROS approach is introduced with a special focus on the derivation of the X-ray emission and X-ray absorption correspondence relation at off-resonant excitation conditions. Finally, a number of experimental HEROS reports are reviewed in the field of chemistry and material science. We emphasize the applicability of HEROS to pulsed X-ray sources, like X-ray free electron lasers, and support the review with experimental examples. The review is complemented with perspectives on and possible further applications of the HEROS technique to the field of X-ray science.
Introduction
The structure and functioning of matter is currently widely studied by means of different spectroscopy disciplines. One of them, X-ray spectroscopy, is focused on examining the energy distribution of inner-and outer-shell atomic electrons quantum states in different conditions [1] . The study of the interaction of X-ray radiation with atoms allows determining the electronic structure of matter as well as investigating the intra/inter-atomic and intra/inter-molecular electronic processes. X-ray spectroscopy is extensively used for elemental identification [2] , determination of the atomic data [3, 4] , plasma diagnostics [5] and chemical analysis. Hence this technique found applications in many research fields like physics, chemistry, medicine, biology and material sciences (see, e.g., Refs. [6] [7] [8] [9] [10] [11] [12] ).
X-ray radiation can interact with matter through photoabsorption or X-ray scattering. The interaction of an X-ray photon with atomic electrons may induce different atomic decay processes which can lead to the emission of electromagnetic radiation. These processes dictate the subdivision of X-ray spectroscopy into different methodologies as shown in Fig. 1 . The measurement and the analysis of the energy distribution of the X-ray radiation emitted in these processes (i.e., emission spectrum) are the scope of the discipline called X-ray emission spectroscopy (XES) [13, 14] . In non-resonant XES (NXES), atoms are irradiated with X-rays having an energy largely above a given atomic energy level. The interaction with the excitation beam produces vacancies in the atomic energy levels with a lower binding energy and leaves the atoms in an excited state. The atoms' ground state is re-established through a fluorescence -cascade of spontaneous electron transitions between energy levels, each transition leading possibly to the emission of an X-ray photon. In NXES studies the energy of the incident photons does not need to be well defined as long as it remains above the studied ionization threshold. In case the incident photon energy is close to a given atomic energy level X-ray emission has unique properties and XES applied is then called Resonant XES (RXES). Resonant X-ray emission can occur via fluorescence, like NXES, or via a coherent absorption-emission process called Resonant inelastic X-ray scattering (RIXS). The energy of the fluorescence photons is strictly correlated with the atomic energy levels taking part in the electron transitions which may occur between two core levels (core-to-core level transition) or between a valence level and a core level (valence-to-core level transition). The emission spectra recorded for valence-to-core level transitions provide information on the occupancy of the valence orbitals. NXES is thus an element-specific tool allowing determining not only the energy differences between the atomic levels but also of the density of occupied electronic states. Valence-to-core electron transitions are of interest because valence levels are particularly sensitive to the spatial distribution of the surrounding atoms. Depending on the chemical environment of the atoms from which the fluorescence photons are measured, the measured valence-to-core X-ray emission lines may have different intensities and energies. NXES is therefore used in the study of the chemical environment of the fluorescing atoms, in particular the ligand orbitals and bond distances (see, e.g., Refs. [15] [16] [17] ).
The dependence of X-ray absorption in the studied material on the incident photon energy is studied in X-ray absorption spectroscopy (XAS) [18, 19] . The main XAS methods are: electron yield, transmission mode, fluorescence mode (or fluorescence yield) [20, 21] . In electron yield (EY) XAS studies, the studied sample is irradiated with an X-ray beam and the electric current induced in the sample is measured as a function of the incident photon energy. Indeed the interaction with radiation leads to an increase of the number of free electrons in the material, mainly because of the photoelectrons and Auger electrons ejected from the atoms as a result of photoabsorption. The electron yield can be therefore used as a measure of the photoabsorption coefficient and it has been shown that it provides the same result as compared to other XAS methods [21, 22] . In the transmission mode the X-ray absorption spectrum is derived from the X-ray beam intensities incident on the sample and transmitted through the sample using the Bouguer-Lambert-Beer law. Fluorescence mode XAS makes use of XES methods and is focused on the study of how the fluorescence intensity changes with the incident photon energy. It has been observed that the fluorescence yield varies with the photoabsorption coefficient and its dependence on the incident beam energy provides the same information as the transmission mode absorption spectra XAS [20] . The XAS spectrum can be obtained in the fluorescence mode using either the total fluorescence yield (TFY) or the partial fluorescence yield (PFY). TFY is the fluorescence yield integrated over a broad emission energy range, while for the PFY the integration is done over a selected emission energy range. In the particular case of PFY, where the fluorescence yield is integrated over an energy band centered on a given fluorescence line and narrower than the natural linewidth of the latter, fluorescence mode XAS is referred to as high resolution XAS (HR-XAS) or highenergy resolution fluorescence detected XAS (HERFD-XAS) [23, 24] . Absorption spectra measured in HR-XAS reveal more detailed information than the ones obtained in transmission mode studies and are extensively used in chemical speciation (see, e.g., Refs. [25] [26] [27] [28] ). In HR-XAS measurements typically the core-to-core X-ray emission lines are chosen. They are characterized by a much higher intensity as compared to the fluorescence originating from valence-to-core electronic transitions and by a much better energy separation.
While X-ray absorption spectroscopy carries information on the energy distribution of the unoccupied electronic states (density of unoccupied states) in matter, X-ray emission spectra, on the other hand, provide data on the density of occupied states. In off-resonant conditions, i.e. when an incident beam with a well defined photon energy fixed below a given ionization threshold is used, the X-ray emission spectra present in addition a strong dependence on the density of unoccupied states. The first measurements under off-resonant conditions were performed by Sparks [29] , who did a systematic research on off-resonant X-ray emission from different elements. The experimental setup he used, an X-ray tube with a single crystal monochromator and an energy-dispersive solid-state detector, was of sufficient resolving power to allow for the observation of asymmetric structures in the measured off-resonant XES spectra. Moreover, the position of the features in the observed spectral distribution depended on the energy of the atomic state from which the radiative decay occurred. Few years after Sparks' pioneering experiment, Tulkki and Åberg, starting from the generalized Kramers-Heisenberg formula [30, 31] , derived a formula describing the cross section for the inelastic X-ray scattering process in the off-resonant regime. Their discovery shed new light to the interpretation of off-resonant XES spectra revealing a dependence of the off-resonant spectral features' shape on the density of unoccupied electronic states of the interacting atoms. This dependence could not be observed in the experiment of Sparks because of the low energy resolution of the used detection Fig. 1 . Outline of X-ray spectroscopy methodologies. The terms in bold refer to physical processes, the remaining ones to X-ray spectroscopy methods. The meaning of the abbreviations is presented at the bottom of the title page. The emission spectra of photons scattered in the RIXS process reflect the density of unoccupied states. The resonant emission spectra, however, contain contribution of photons from both RIXS and much stronger XRF. In the HEROS approach, where only the RIXS photons are targeted, the incident beam energy is fixed below the absorption edge of interest -low enough to not induce normal fluorescence but possibly high enough to maintain sufficient scattering cross section. Thus, the incident beam energy is fixed at the value of typically 2-5 times the core level's lifetime broadening below the core level's binding energy which is defined by the authors as the upper limit of the off-resonant regime.
setup. Because inelastic X-ray scattering is characterized by a low cross section in the off-resonant regime, only few off-resonant XES studies were successfully accomplished since the work of Tulkki and Åberg. Nonetheless, with the development of wavelength-dispersive spectrometry (i.e. crystal X-ray spectrometers) the modulation of the off-resonant XES spectral structures' shape by the density of unoccupied states was confirmed experimentally with both conventional Cu Ka X-ray sources [32, 33] and synchrotron radiation sources [34] [35] [36] [37] .
The major problems of off-resonant XES studies on the density of unoccupied states are the very low cross section of the inelastic Xray scattering (∼10 3 smaller than the photoabsorption cross section) and the need of high-energy resolution detection systems. To overcome them, single-or multiple-crystal spectrometers operating in a point-to-point geometry are typically used at synchrotrons and XFEL facilities [34, 35, 38, 39] . These detection systems, however, allow only for point-by-point measurements of the emission spectra which, because of definitely extended recording time for the full spectra, makes them inapplicable in many studies, especially at XFELs. Only recently, a wavelength-dispersive von Hamos-geometry-based spectrometer was used to measure in high resolution single-shot spectra of off-resonantly scattered X-rays, establishing thus the high energy resolution off-resonant spectroscopy (HEROS) [40] [41] [42] . Until now different research studies on HEROS have been realized at synchrotrons as well as at XFELs and the method found numerous applications in in situ time-resolved chemical speciation experiments [40, 41, [43] [44] [45] [46] [47] [48] [49] [50] [51] . HEROS is a new approach and is becoming more and more recognized in the field of X-ray spectroscopy (see, e.g., Refs. [42, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] ).
Theoretical background

Introduction
X-ray emission spectroscopy (XES) represents a number of experimental methods dedicated to the measurements of spectra of X-ray radiation emitted from matter. Different features of electronic structure of atoms may be probed by means of off-resonant, resonant and non-resonant XES in gases, liquids and solids. RXES corresponds to XES applied in resonant conditions, i.e., when the incident photon energy is close-to or around the energy threshold of an atomic core state. In principle, RXES combines the aspects of simultaneous probing of occupied and unoccupied electronic states in a single experimental approach. In general two X-ray scattering processes may be distinguished for resonant X-ray-matter interaction: Resonant elastic X-ray scattering (REXS) [65, 66] and Resonant inelastic X-ray scattering (RIXS) [67, 68] . The REXS process delivers information on the spatial modulations of charge, spin and orbital degrees of freedom, whereas the RIXS process provides data on the density of unoccupied electronic states and the geometric orientation of the interacting atoms. The high energy resolution off-resonant spectroscopy, in this respect may be regarded as complementary since it aims at measurements of the inelastic scattering of X-rays under off-resonant conditions, i.e., on the inelastic scattering of photons having energies below the ionization threshold.
Theoretical description
For incident photon energies being tuned around the binding energy of an atomic core state an enhanced X-ray scattering signal is observed. The X-ray radiation emitted in inelastic scattering has unique properties and its spectral energy distribution carries information on the electronic structure of the scattering atom. Fig. 2 presents a schematic drawing of the resonant inelastic X-ray scattering process on core atomic states. The scattering cross sections vary depending on whether the scattering process involves discrete or continuum states. At incident X-ray energies that are tuned below the ionization threshold, i.e., at off-resonant conditions, the excitation and transition decay paths should be regarded as a coherent process where the additional energy of the photoelectron is provided at the expense of the emitted photon energy. The intensity and energy of the emission signal induced at off-resonant excitations provide information on the unoccupied states thanks to the energy conservation for the scattering process, i.e., y 2 
We would like to stress, that unlike in resonant or non-resonant XES, the energy of the emitted X-rays at off-resonant scattering conditions is given by the energy of the incident X-rays and by the final state energy y 2 (E)
Because of the energy detuning from the core-hole energy and the resulting coherent nature of the scattering process, only the final state lifetime contributes to the broadening of the off-resonant X-ray emission spectra. For photon excitation energies y 1 corresponding to an absorption threshold |E i |, i.e., on-resonance, the X-ray scattering Fig. 2 . Illustration of the resonant X-ray emission induced by the interaction of an atomic electron at the initial energy level E i with an incident photon of energy y 1 . The interaction leads to electron excitation to an unoccupied state E situated above the Fermi level and is followed by deexcitation of another electron at the final energy level E f with emission of a photon of energy y 2 . When the incident photon energy is greater or equal to the absorption-edge energy (a), the X-ray scattering is dominated by a two-step mechanism which leads to characteristic fluorescence. In this case y 2 = E i − E f . In the off-resonant regime (b) X-ray emission is dominated by the RIXS process forcing a one-step coherent excitation and deexcitation of atomic electrons. Energy conservation yields in this case y 2 
The figure was reproduced from Ref. [44] .
leads to resonance fluorescence. For incident photon energies above a given absorption threshold an electron from a core level (initial) is excited to an unoccupied state of energy E localized in the continuum (see Fig. 2 (a)). The excitation is followed by the decay of an electron from another core level (final) of energy |E f | and possibly the emission of X-ray fluorescence. Due to the energy conservation the emitted photon has an energy y 2 = E i − E f and the resulting emission spectrum is broadened by the lifetimes of initial and final states. For discrete atomic states with energy E discrete , the inelastic X-ray scattering follows the energy conservation with y 2 = y 1 − E f + E discrete . When the incident energy is equal to the initial state-todiscrete state resonance, the photoelectron energy E = y 1 − E i is equal to E discrete . In case of inelastic X-ray scattering on discrete states, the energy transfer (energy loss) y 1 − y 2 is constant.
Based on the correspondence principle and by transforming the classical dispersion formula introduced by Lorentz, Kramers and Heisenberg derived equations describing the cross section for X-ray scattering [31] . The same result may be derived based on quantum electrodynamics and starting from Schrödinger equation as demonstrated by Dirac [69] .
On the basis of the Kramers-Heisenberg model, Tulkki and Åberg developed formulas for differential cross sections for X-ray interaction with matter. These equations are suitable for a full description of resonant, non-resonant and off-resonant scattering processes in matter. Tulkki and Åberg considered off-resonant X-ray scattering ( y 1 E i − C i ) within the dipole approximation (exp(ık • r) ≈ 1). In this picture, the off-resonant scattering process may be described as an excitation of the initial core electron into an intermediate virtual state. This state decays then by a radiative transition from the higher core or valence state into the core-hole state. The schematic of the process is drawn in Fig. 3 .
As reported by Åberg and Tulkki, the anisotropic interference term for the resonant and non-resonant paths is negligible, and thus the off-resonant X-ray scattering differential cross sections can be written as follows:
where the energies of incoming and outgoing photons are denoted as y 1 
The cross section equation may be further simplified by exchanging the Lorentz final state broadening with the Dirac delta function d y 1 − y 2 − E f − E that still ensures energy conservation for the scattering process. Thanks to this, the differential cross sections for off-resonant scattering may be written explicitly in an analytical form:
This equation provides the basis for high energy resolution offresonant spectroscopy. It connects directly X-ray absorption and X-ray emission signals through
dE (E) terms. From the above equation the X-ray absorption signal may be thus defined as:
As the experimental HEROS yields at the energy y 2 are proportional to the differential cross section ds( y 1 ) d( y 2 ) the latter can be replaced in Eq. (3) by the measured off-resonant intensity. For a given beam energy y 2 tuned below the core hole ionization threshold, the profile of the distribution dg i dE can thus be derived with this method, like in absorption measurements, from the corresponding HEROS spectra for a wide energy range E.
In general the shape of the HEROS profiles are characterized by a long low energy tail which is due to the Lorentzian shape of the involved initial atomic level. At the low energy limit ( y 2 → 0) the differential cross section
vanishes. On the high energy side the sharp high-energy cutoff is defined by the energy conservation rule ( y 2 → 0). This high energy cutoff will move toward lower/higher energies when the energy of the incoming photons decreases or increases.
Examples of experimental applications
HEROS and the self-absorption effect
It has been known for many years that conventional total fluorescence mode XAS measurements are affected by the so-called self-absorption mechanism for concentrated samples [70] . This effect results from fundamental processes behind X-ray interaction with matter and thus cannot simply be avoided or omitted. From the application point of view of XAS based methodology in a wide range of disciplines, many approaches were proposed to circumvent this effect or account for it in the experimental data. In many scientific areas, however, self-absorption cannot be omitted because of the nature of the sample which cannot be diluted or thinned to the requested thickness. In this respect, the research on self-absorption effects is a science in itself.
In recent studies, the Ta L 3 absorption edge [44] was investigated by means of fluorescence and transmission mode XAS as well as by means of HEROS. As expected the absorption spectra measured in the fluorescence mode exhibit a strong self-absorption effect which causes a reduction of the detected spectral structures, both in the X-ray absorption near edge structure (XANES) and in the extended X-ray absorption fine structure (EXAFS) regions. It is important to note, that the main effect of the self-absorption mechanism arises from the sudden change of the photoabsorption coefficient when scanning the incident X-ray energy around an ionization threshold of an atom. This is not the case, however, for the HEROS technique, where both the incident and the emission X-ray energies are fixed during the acquisition. As a consequence, the probability of self-absorption of X-ray events is almost constant over the range of emission X-ray energies and thus the measured HEROS shape should be independent of the sample concentration or thickness that is, free of self-absorption effects.
The presence of self-absorption in the spectra measured by means of HEROS was investigated with different Ta metallic foils of nominal thicknesses in the range of few tens of microns. Since the HEROS spectrum contains information on the density of unoccupied states it can be converted to an absorption spectrum by means of the formula introduced by Kramers and Heisenberg [31] and modified by Tulkki and Åberg [30] . In this way, the conventionally measured spectra recorded in fluorescence and transmission modes by scanning the incident X-ray energy can be compared to a high degree of detail with the HEROS measurements. Indeed, the measured Ta La 1 HEROS emission spectra and the reconstructed Ta L 3 HEROS-XAS absorption spectra were found to be independent of the target thickness and thus free of the self-absorption effect. This effect is presented in Fig. 4 , where X-ray absorption spectra measured in fluorescence mode for different sample thicknesses are compared to reconstructed HEROS-XAS results.
The absence of modulation of the spectral shape by the selfabsorption mechanism allows investigation of strongly absorbing samples, making thus HEROS an alternative and complementary method to conventional XAS measurements. HEROS may thus be foreseen as an additional and complementary tool when precise information about specific absorption features, especially the socalled white lines and pre-edge peaks, and their strengths is crucial for chemical speciation or theoretical evaluation. The method may also be used as a test-measure to evaluate different experimental and methodological approaches aiming at precise corrections to the self-absorption effects in XAS.
HEROS for time-resolved chemical speciation
In situ study on Pt(acac) 2 decomposition
In the first HEROS application, the platinum(II) acetylacetonate complex Pt(acac) 2 was studied in situ in real time throughout its decomposition in hydrogen [40] . b-diketonate metal complexes find various uses, e.g., as catalysts or addition to fuel or metal precursors [44] . The spectral features in (a) are reduced for higher samples thicknesses while the sample thickness has no effect on the HEROS-XAS spectra. The figure was reproduced from Ref. [44] .
and are attractive in industry, e.g., for chemical vapor deposition of superconductive layers and chemical vapor nucleation of metallic nanoparticles. Normally, the full decomposition of these metal complexes needs high temperature. This can, however, be overcome by adding to the system hydrogen or water. The decomposition processes are readily studied with X-ray absorption spectroscopy due to its chemical sensitivity and very high penetration depth allowing probing the system in situ. In XAS, however, the incident X-ray beam energy is scanned throughout an absorption edge of interest which limits the time resolution to as much as a few minutes. To observe a dynamic decomposition process that takes place within seconds, one needs a chemically sensitive spectroscopic method providing at the same time a high time resolution and high sensitivity through the high energy resolution.
In this work, HEROS was used to follow the Pt(acac) 2 complex decomposition at a sub-second time resolution at a synchrotron. The sample was exposed to H 2 and heated up to the temperature of 150 • C by flash heating. Pt La 1 HEROS spectra were recorded one by one with the acquisition time of 500 ms at the incident beam energy of 11.537 keV, i.e. 27 eV below the Pt L 3 edge binding energy by means of von Hamos geometry-based spectrometer consisting of a cylindrically bent Ge(660) crystal and a micro-strip detector. The observed spectral structures' intensity and energy position evolved during the complex decomposition revealing a change of the density of unoccupied Pt 5d states indicating the Pt atoms' oxidation state change. While the spectra measured at the beginning of the experiment were typical for Pt(acac) 2 , the final spectra were characteristic for metallic platinum particles. Using high-resolution transmission electron microscopy, the formed metallic particles were found to be about 4-8 nm big and highly crystalline. Spectral analysis also allowed a clear observation of Pt intermediate state in which the acac's decomposition residues covered only part of the Pt atoms causing their reduction and the subsequent formation of platinum nanoparticles. The experimental HEROS spectra recorded during Ptcomplex decomposition are plotted in Fig. 5 . Analysis of white line intensity and energy edge position, shown in Fig. 5 (b) , clearly indicates intermediate Pt-species in region marked as B. The observed intermediate step during Pt(acac) 2 decomposition in hydrogen was not reported in previous works [71] .
In situ study on Pt/Al 2 O 3 oxidation-reduction cycles
The aspect of high energy resolution and availability of timeresolved studies offered by the HEROS technique was exploited in reduction and oxidation studies of Pt/Al 2 O 3 catalyst [43] . These studies were focused on the observation of electronic structure changes in catalytic system in real time. Platinum-based catalysts are the most important catalyst for oxidation and reduction reactions used by scientists and chemical industry. It is widely used for environmental protection, petroleum industry and chemical processes. Furthermore, platinum catalysts are the most important part of proton exchange membrane fuel cells (PEMFC) that are foreseen to replace the alkaline fuel cell. Platinum-based catalysts were shown to be very applicable in electrocatalytic processes, therefore a lot of work has been done in the field to understand its physical and chemical mechanisms.
In this field HEROS presents the potential for characterisation measurements with elemental specificity and to deliver detailed information on the density of unoccupied states. Thanks to the scanning free approach, the HEROS spectra can be registered with very high time resolution and an energy resolution independent of the width of the initial atomic core-state. During the experiment, in situ time-resolved HEROS spectra of Pt/Al 2 O 3 were acquired continuously around the Pt L 3 absorption edge and by detection of the Pt La 1 X-ray radiation with a von-Hamos type spectrometer. The acquisition time per spectrum was 500 ms and the reduction and oxidation processes were monitored at 300
• C. During this study, in order to increase the signal-to-noise ratio, about 120 loops were averaged, that suits to about 2 h total acquisition time. Gas-switches, allowing for controlling the reduction and oxidation cycles, were realized using fast-valves with 4% O 2 and 4% CO gas feeds. The experimental data showed that during the reduction and oxidation steps the white line intensity and white line maximum energy position have changed, indicating a modification of the Pt 5d density of empty states as the catalyst moves from oxide to metal and vice versa (see Fig. 6 ). The HEROS signal development during oxidation/reduction switches allowed to draw several conclusions. On the one hand, the reduction and oxidation final states are reached within 5 s. The final state in case of the reduction process is reached faster than in the case of oxidation. Also during the reduction process the intermediate states are not registered because only a continuous decrease of energies and intensities of the white line is detected. On the other hand, for the oxidation mechanisms an additional intense peak is observed which suggests a metastable intermediate state. Indeed, thanks to HEROS's sensitivity and temporal resolution of the experiment the intermediate state during Pt-oxidation was detected and identified. Moreover, it is reported that the shift and the intensity changes as detected in HEROS spectra are not typical of a fully Pt-oxidized structure. In fact the spectra consist of a partly oxidized surface and a small amount of metallic platinum occurring in the core of the platinum nanoparticle. In summary, the studies allowed to conclude that the oxidation process is composed of two characteristic stages. The first step is the dissociative adsorption of oxygen at the Pt surface, and the second step is the partial oxidation of the Pt-subsurface by oxide diffusion. It was shown, that the intermediate adsorption could be described as a O-atop position chemisorption process on a metallic surface.
In situ study on silica supported Ta catalyst activation and oxidation
The high chemical sensitivity and swiftness of the HEROS approach found also application in a study on temporal changes of the density of unoccupied states of Ta atoms in two different silica supported Ta catalysts during their oxidation [49, 50] . The measurements were performed at a synchrotron for two Ta catalysts: inactive Ta(V) bisalkyl complex [(≡ SiO 2 )Ta(= CHtBu)(CH 2 tBu) 2 ] [49] and the same complex activated in hydrogen [50] . The studied target material was placed in a quartz capillary reactor cell in a glove box under to 20 ppm O 2 atmosphere and at room. The target was irradiated with a monochromatic synchrotron beam of energy fixed below Ta L 3 -edge binding energy. By means of a von Hamos geometry-based spectrometer, the Ta La 1 HEROS spectra were recorded one by one with acquisition time of 40 s. To obtain the activated Ta(V) bisalkyl complex, the inactive complex was exposed to 10% H 2 /He at the temperature of 150
• C. For both complexes studied the oxidation resulted in a change of the intensity, energy position and shape of the spectral structures observed in the HEROS spectra. Spectral analysis, supported with calculations done with FEFF software [72] and the Kramers-Heisenberg formula modified by Tulkki and Åberg [30, 31] , revealed that oxidation of the inactive and the active Ta catalyst leads to the formation of mono-and di-meric Ta species on the SiO 2 surface. It was identified that the electronic states with the largest contributing to the HEROS signal originated from the Ta d-band. Moreover, using the fingerprint HEROS spectra measured for each complex before and after its reaction with oxygen, the temporal evolution of the relative species' concentration was successfully retrieved as presented in Fig. 7 . It allowed observation that the inactive Ta catalyst's transition from its unoxidized to the oxidized form has a stepwise character, probably due to different rates for oxidation and dimerization.
An operando study on Pt/Al 2 O 3 and Pt/CeO 2 /Al 2 O 3
In a further development of the HEROS methodology, the experimental time-resolved data were evaluated with analysis tools based on phase sensitive detection (PSD) [45] . The methodology was applied to in situ time-resolved studies of catalysis based on dispersed nanoparticles on metal oxides. Such a system facilitates to clarify and to follow reaction mechanisms at transient conditions. HEROS was first applied to follow the temperature-programmed reduction of 1.3 wt. % Pt/Al 2 O 3 and 1.3 wt. % Pt/20 wt. % CeO 2 /Al 2 O 2 catalysts. Comparison of time-resolved HEROS and XANES data allowed to demonstrate the increased sensitivity and time resolution of the HEROS technique in this type of experiments. It was shown, that enhanced sensitivity of off-resonant measurements can be further improved by modulation excitation spectroscopy. This approach explores the fact that time-resolved HEROS data acquisition is performed over repeated gas pulses applied to catalysis in order to increase the signal-to-noise ratio of the spectroscopic signal. HEROS spectra thus can be treated with frequency response mathematical tools such as phase sensitive detection (PSD). In this way, the averaged time-resolved spectra can be transformed into a set of phase-resolved spectra, and therefore the contributions of the species that are not responding to the external stimulation (like gas switches or temperature ramps) are removed. The phaseresolved spectra exhibit thus an enhanced signal-to-noise ratio. Moreover, HEROS-PSD facilitates identification of intermediate components because PSD-transformed spectra contain the information only about the species that react to applied external changes. Similar approaches were already applied to infrared spectroscopy [73] [74] [75] , X-ray absorption spectroscopy [76] [77] [78] and X-ray diffraction [79, 80] experiments proving that an additional level of information can be obtained. In this paper, the PSD methodology in combination with HEROS was confirmed and its improved sensitivity to the structural and electronic changes of probed material was demonstrated.
The PSD-HEROS methodology was thus employed to follow reversible oxidation-reduction processes on Pt nanoparticles at 300 • C in modulation experiments consisting of alternate pulses of H 2 and O 2 at 300
• C. Examples of time-resolved and phase-resolved HEROS spectra are plotted in Fig. 8 . It was clearly shown that the PSD approach is necessary to obtain enhanced sensitivity to the Pt-O intermediate species at high gas feed concentrations. Fraction of oxidized Pt in the H 2 -O 2 modulation was clearly increased by adding CeO 2 particles. Similar observations were drawn in CO-O 2 gas modulation experiments that allow identifying molecule adsorption geometry on metal nanoparticles as Pt-CO and the atop Pt-O. The experiments demonstrated that HEROS is a powerful in situ/operando spectroscopy method with increased sensitivity by applying modulation analysis. The unoccupied electronic states of matter can be accessed with excellent time-and energy-resolution, as compared to conventional XANES experiments.
HEROS with pulsed sources
The HEROS technique was first introduced at synchrotron radiation sources, where high intensity and highly monochromatic X-ray radiation was available [40, 43, 49, 81] . Indeed, the monochromatic radiation allows for a precise detuning with respect to the elemental core level binding energy under investigation, thus to fulfill the experimental requirement for investigations by means of HEROS. Using furthermore a dispersive-type high-energy resolution emission spectrometer with a sufficient energy bandwidth, e.g., a von Hamos spectrometer, HEROS measurements can be performed in a scanningfree manner with a time-resolution being only limited by the incident photon flux and the detection efficiency. This makes the HEROS technique highly suitable for pulsed X-ray sources, like X-ray free electron lasers (XFELs) since through the Kramers-Heisenberg formalism [31] X-ray absorption-like information [41, 44] can be obtained in a singleshot fashion. Note that in contrast to XAS the incident photon energy is kept fixed in a HEROS experiment and the shape of the emitted spectrum is recorded in a single acquisition. Single-shot XAS, on the other hand, is usually difficult to realize because of the limited energy bandwidth offered by pulsed X-ray sources. Scanning the incident photon energy requires, furthermore, that the incident beam properties in terms of pulse energy, pulse duration and photon flux are monitored with high precision for later normalization purposes.
A first HEROS experiment at a XFEL operated in the self-seeded mode [82] was performed on Cu and different Cu oxides around the Cu K-edge [48] . A von Hamos spectrometer operated in a multi-crystal arrangement was used to monitor simultaneously the signals from the Ka and the Kb emission lines [83] (see Fig. 9 (a) ). The shape of the HEROS spectra, acquired entirely on a shot-to-shot basis, was found to be independent of the intensity fluctuations of the source for fixed X-ray beam parameters meaning that the information acquired through HEROS is insensitive to pulse-to-pulse fluctuations. Furthermore, the chemical sensitivity of the HEROS technique was proven through the energy shifts of the HEROS signal which were directly connected to the oxidation state of the probed atoms. The main characteristic features of the HEROS spectra were already identifiable after a single XFEL pulse. Thus, it was demonstrated that for solid samples HEROS presents, despite the low scattering and absorption cross sections, the potential for element-selective single-shot studies of the electronic and structural properties of matter using femtosecondduration pulses by probing the density of unoccupied states.
The pulse duration aspect is noteworthy since, thanks to the selfseeding scheme of the XFEL, any temporal pulse broadening due to the finite extinction length of the X-rays into the monochromator crystal could be avoided [84] . Considering the high peak power of the radiation provided by XFELs which allows for non-linear X-ray spectroscopy studies, HEROS was also found to be a useful tool for the study of the two-photon absorption (TPA) mechanism [47] : when increasing the X-ray fluence on the sample, the non-resonant Cu Ka 1 and Ka 2 X-ray emission emerged from the HEROS spectrum as a result of a two photon X-ray absorption process. Besides the determination of the cross section and the fluence threshold of the TPA process, HEROS might prove in future to be useful for the study of quadrupole transitions through an X-ray optical wave mixing scheme [47] . Finally, HEROS experiments are complementary to non-resonant XES experiments which can also be conducted in a single-shot scheme at pulsed X-ray sources to probe the density of occupied states. The incident photon energy only needs to be tuned above the ionization threshold probed by means of HEROS. Both HEROS and XES are quite insensitive to self-absorption effects, thus to sample concentration and thickness effects. Together, HEROS and XES provide then a complete picture of the electronic state of the system under investigation. Prospectively, the single-shot aspect of HEROS makes the technique very attractive for pump-probe experiments at pulsed X-ray sources in order to follow, possibly under in situ conditions, time-dependent changes of the electronic structure. In this view it should also be noted that HEROS measurements can be conducted in parallel with diffraction or scattering experiments.
Conclusions and outlook
HEROS is an element specific and scanning free methodology deprived of self-absorption events that profits from the high penetration depth of X-rays to map rigorously the absorbable atom's density of states. The aforementioned properties makes HEROS studies particularly suited for time-resolved spectroscopic studies under relevant working conditions, which is veracious and relevant for a plethora of research fields, including all kinds of catalysis, material science, inorganic chemistry including metallo-based therapies, biology, physics, etc. With respect to future perspectives, we consider that HEROS will be a champion methodology to study reactivity in two temporal regimes, namely the ultrafast and the kinetic-controlled domain. Some of these applications have been already demonstrated or are being commissioned, which substantiates the present claim. To truly benefit from HEROS properties in both temporal regimes one must devise selective and controllable triggers specific for each experiment and field of study. In the ultrafast domain, the classical optical triggers will be the most common and possibly the easiest approach. They allow the study of photo-activated processes relevant for solar applications, photo-therapy, among others. However, it excludes the study of systems that do not have selective absorptions, which includes most of the catalytic processes. To enable the study of such processes, one must use more elaborated pumping schemes with alternative radiation, such as terahertz, and/or multi-color and shaped optical pulses. In the kinetic-controlled domain, the selective triggers have to be connected to changing reaction conditions, i.e., varying parameters such as temperature, chemical composition, exposed magnetic field. Some are easier to be achieved than others but the approach explores the fact that time-resolved HEROS data acquisition is accomplished over repeated switches, which increases the signal-to-noise ratio of the spectroscopic signal. Moreover, the HEROS spectra can be treated with frequency response mathematical tools, such as phase or frequency sensitive detection, which provides all important kinetic information. Currently, we cannot see potential limitations to the use of HEROS methodology in time-resolved spectroscopic studies under relevant working conditions. However, HEROS studies are on its embryonic phase and only its expansion can highlight potential limitations that are currently not observable.
